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Summary
MicroRNAs (miRNAs) regulate gene expression by
controlling the turnover, translation, orbothof specific
mRNAs. In Drosophila, Dicer-1 (Dcr-1) is essential for
generating mature miRNAs from their corresponding
precursors. Because miRNAs are known to modulate
developmental events, such as cell fate determination
and maintenance in many species, we investigated
whether a lack of Dcr-1 would affect the maintenance
of stem cells (germline stem cells, GSCs; somatic
stem cells, SSCs) in the Drosophila ovary by specifi-
cally removing its function from the stem cells. Our
results show that dcr-1 mutant GSCs cannot be main-
tained and are lost rapidly from the niche without dis-
cernable features of cell death, indicating that Dcr-1
controlsGSCself-renewal but not survival.bag ofmar-
bles (bam), the gene that encodes an important differ-
entiating factor in the Drosophila germline, however,
is not upregulated in dcr-1 mutant GSCs, and its
removal does not slow down dcr-1 mutant GSC loss,
suggesting that Dcr-1 controls GSC self-renewal by re-
pressing a Bam-independent differentiation pathway.
Furthermore, Dcr-1 is also essential for the mainte-
nance of SSCs in the Drosophila ovary. Our data sug-
gest that miRNAs produced by Dcr-1 are required for
maintaining two types of stem cells in the Drosophila
ovary.
Results and Discussion
During miRNA biogenesis, Dcr-1 and its cofactor TRBP/
Loquacious (Loqs) cleave the hairpin structure of miRNA
precursors into double-stranded RNAs (dsRNAs) [1–7],
which are then further processed to generate mature
miRNAs. These miRNAs play important roles in develop-
mental events, antiviral defense, and genome stability
[8, 9]. For example, Dcr-1 null mice are embryonic lethal
with depletion of stem cells. It remains unclear whether
the miRNA or small interference RNA (siRNA) pathway
controls the stem cell maintenance because the mouse
Dcr-1 processes both siRNAs and miRNAs [10]. The fact
that two Dicers in Drosophila, Dcr-1 and Dcr-2, are re-
quired for miRNA and siRNA pathways, respectively,
makes Drosophila a unique system for dissecting
*Correspondence: tgx@stowers-institute.orgfunctions of siRNAs and miRNAs in stem cells [2]. The
Drosophila ovaries contain three types of adult stem
cells (germline stem cells [GSCs], escort stem cells
[ESCs], and somatic stem cells [SSCs]), which produce
differentiated germ cells, escort cells, and somatic folli-
cle cells, respectively, for life-long egg production [11–
13] (Figures 1A and 1B). In the ovaries that are mutant
for a hypomorphic loqs mutation, GSCs are lost prema-
turely, indicating that the miRNA pathway is required for
maintaining GSCs [1, 3]. However, it remains unclear
whether Loqs functions inside the GSC to control its
maintenance. Piwi, a known component in the miRNA
pathway, is required in the niche for controlling GSC
self-renewal but is required intrinsically for GSC division
[14–18]. One recent study further shows that Dcr-1 is
required intrinsically to control GSC division only, but
not maintenance [19]. However, it remains uncertain
whether the miRNA pathway is required intrinsically for
controlling the maintenance of any of the stem cell types
in the Drosophila ovary. Surprisingly, in this study, we
directly show that Dcr-1 is required for the maintenance
of both GSCs and SSCs.
GSCs in the Drosophila ovary can be identified easily
by their physical location (anteriorly in direct contact with
cap cells) and location of a spherical organelle known as
a spectrosome (anteriorly anchored close to cap cells)
[12]. The spherical spectrosome in GSCs and their imme-
diate daughters, known as cystoblasts, along with the
branch-shaped fusome in more mature cystocytes, can
be visualized by a molecular marker Hu-li tai-shao (Hts)
[20]. To investigate whether dcr-1 is involved in GSC
maintenance in the Drosophila ovary, we used the FLP-
mediated FRT recombination to generate marked dcr-1
mutant GSCs. These are identified as the most anteriorly
located LacZ-negative cells that also contain an anteri-
orly localized spectrosome in the germaria (Figures
1C–1K) according to our previously published proce-
dures [21–23]. Along with the marked control wild-type
GSCs that were generated under identical conditions,
these marked mutant dcr-1 GSCs were examined at dif-
ferent time points (1 week, 2 weeks, and 3 weeks) after
clone induction (ACI) for determining the maintenance
rates of these dcr-1mutant GSCs in a course of 3 weeks.
In the control, the percentage of the germaria with at
least one marked GSC decreased from 29.4% at the first
week ACI to 25.3% at the third week ACI (Table 1). This
gradual loss reflects the normal GSC turnover, which
has been reported independently in many publications
[21, 22]. Most of the marked control GSCs detected at
the first week ACI still remained in the germarium at the
second week (87.5%) and the third week (83.5%) ACI
(Table 1; Figures 1C–1E). In contrast, for a strong dcr-1
allele, dcr-1Q1147X, 25.5% and 8.1% of the germaria car-
rying at least one marked mutant dcr-1 GSC detected at
the first week were maintained at the second and the
third weeks ACI, respectively (Table 1), indicating that
those marked mutant dcr-1 GSCs are lost more quickly
than the marked control ones. Consequently, most of
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540Figure 1. dcr-1 Mutant GSC Clones Are Not Maintained in the Drosophila Ovary
Germaria in C-K were stained for LacZ (red), Hts (green), and DNA (blue). Marked GSC clones (LacZ negative) and unmarked GSCs (LacZ positive)
are highlighted by solid lines and broken lines, respectively.
(A and B) Schematic diagrams showing an ovariole containing a germarium (boxed) and a series of egg chambers (A) and a germarium in a higher
magnification and is divided into four regions: 1, 2a, 2b, and 3 (B). Abbreviations are as follows: TF, terminal filament cell; CC (blue color), cap cell;
GSC (red color, with a round-shaped spectrosome in green color), germline stem cell; ESC, escort stem cell; CB, cystoblast; IGS, inner germa-
rium sheath cell; SSC, somatic stem cell.
(C–E) Germaria showing a marked control GSC and marked cysts (indicated by solid lines and arrowheads) 1 week (C), 2 weeks (D), and 3 weeks
(E) ACI, respectively. The scale bar represents 18.75 mm.
(F–H) Germaria showing a marked dcr-1Q1147X GSC 1 week ACI (F) and loss of the marked mutant GSCs by the presence of only unmarked wild-
type GSCs 2 weeks (G) and 3 weeks (H) ACI, respectively.
(I–K) Germaria showing a marked dcr-1d102 GSC 1 week (I) and 2 weeks (J) ACI and loss of a marked mutant GSC by the presence of only two
unmarked wild-type GSCs 3 weeks (K) ACI.the marked dcr-1Q1147X mutant GSCs detected at the
first week ACI disappeared from the niche at the second
and the third weeks ACI (Figures 1F–1H). Even for
a weaker allele dcr-1d102, 37.1% and 15.1% of the ger-
maria carrying at least one marked mutant GSC de-
tected at the first week ACI remained in their niche at
the second and the third weeks ACI, respectively, indi-
cating that those marked GSCs that were mutant for
this weak dcr-1 allele are lost more quickly than the
marked control ones, although they were lost less
quickly than the marked GSCs that were mutant for the
stronger allele (Table 1; Figures 1I–1K). Because the se-
verity of the GSC-loss phenotype caused by the two
dcr-1 alleles was correlated with their mutant strength,
we conclude that dcr-1 mutations are responsible forthe observed GSC loss and that Dcr-1 controls GSC
maintenance.
As reported previously [21], the relative GSC division
rate for a given mutant is determined by the number of
cysts produced by a marked mutant GSC divided by
the number of cysts produced by an unmarked wild-
type GSC sharing the same niche. The relative division
rates for the marked GSC mutant for dcr-1Q1147X and
dcr-1d102 are 0.20 (n = 16) and 0.33 (n = 16), respectively,
and this result confirms the previous finding that Dcr-1
is involved in controlling GSC division [19]. Although
we used the same mutants as the previous study [19],
our study, in contrast with the previous conclusion that
Dcr-1 is dispensable for GSC maintenance, shows
unambiguously that Dcr-1 is also required for GSC
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to different experimental designs used in the two stud-
ies. In the previous study, the marked mutant GSCs
were only examined within 12 days ACI [19]. In such
Table 1. Dcr-1 Is Required for GSC Maintenance in theDrosophila
Ovary
Genotypes
Weeks
ACI
% of Germaria
with At Least a
Labeled GSC
Relative %
of Germaria
with At Least
a Labeled GSC
Total
Number
FRT82B
1 30.4 100.0 158
2 26.6 87.5 199
3 25.3 83.2 162
FRT82B dcr-1d102
1 29.4 100.0 170
2 10.9 37.1 165
3 4.5 15.2 179
FRT82B dcr-1Q1147X
1 25.6 100.0 219
2 6.5 25.5 184
3 2.1 8.1 192
FRT82B dcr-1Q1147X bamD86
1 31.7 100.0 167
2 2.1 6.7 189
3 0.5 1.1 184a short time window, the function of the wild-type Dcr-
1 protein in the marked mutant dcr-1GSCs could persist
for a longer time because of slow division, which could
potentially mask the mutant effect. Because the marked
dcr-1mutant GSCs are examined for 3 weeks and should
dilute out the wild-type Dcr-1 protein in our study, the
GSC-loss phenotype has become obvious.
Those dcr-1 mutant GSCs could be lost because of
apoptosis, differentiation, or both. Then, we performed
the TUNEL essay to determine whether the mutant
dcr-1 GSCs are lost because of apoptosis. Interestingly,
none of the marked mutant dcr-1GSCs were positive for
TUNEL labeling (Figures 2A and 2B, n = 22), suggesting
that the loss of dcr-1 mutant GSCs is probably due to
differentiation. To further investigate how the marked
mutant dcr-1 GSCs differentiate, we examined bag of
marbles (bam) transcription in the mutant GSCs be-
cause its upregulation is often associated with prema-
ture GSC differentiation [24, 25]. bam transcription is
repressed by the Dpp signaling pathway in the normal
GSC but is upregulated after the GSC differentiates; in
the GSC that is defective in BMP signaling, bam tran-
scription is upregulated [26, 27]. A bam-GFP transgene
(the GFP under the control of the bam promoter) can
faithfully recapitulate the bam transcriptional pattern in
the germline [24]. Similar to the unmarked neighboring
wild-type GSCs in which bam-GFP is not expressed,
the marked mutant dcr-1 GSCs that shared the same
niche (n = 14) also did not show upregulated bam-GFPFigure 2. Dcr-1 Regulates GSC Self-Renewal
by Repressing a bam-Independent Differenti-
ation Pathway
All the germaria are labeled for LacZ (red) and
DNA (blue). Green staining in (A) and (B), (C)
and (D), (E) and (F) and (G) and (H) are for
TUNEL assay, bam-GFP, BamC, and Hts, re-
spectively. Labeled GSC clones (LacZ nega-
tive) are highlighted by solid lines, whereas
unmarked GSCs (LacZ positive) are delin-
eated by dashed lines.
(A and B) A germarium showing that a marked
dcr-1Q1147X GSC and an unmarked neigh-
boring wild-type GSC are both negative for
TUNEL (green) 4 days ACI. Arrows indicate
a dying IGS cell. The scale bar represents
18.75 mm.
(C and D) A germarium showing that a labeled
dcr-1Q1147X GSC and an unmarked control
GSC are both negative for bam-GFP staining
(green) 9 days ACI.
(E and F) A germarium showing that a labeled
dcr-1Q1147X GSC and an unmarked control
GSC are both negative for BamC staining
(green) 10 days ACI. The arrow points to a
BamC-positive cyst.
(G) A germarium showing a labeled bamD86
dcr-1Q1147X double-mutant GSC and a
marked two-cell cyst (indicated by an arrow)
1 week ACI.
(H) A germarium showing loss of a marked
bam dcr-1 double-mutant GSC by the pres-
ence of only two unmarked wild-type GSCs
3 weeks ACI. Note that the lost bam dcr-1
double-mutant GSC continues to generate
spectrosome-containing cystoblasts (indi-
cated by arrows in [G] and [H]), indicating
that they fail to differentiate in the absence
of bam.
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tion is still imposed by the Dpp pathway in these mutant
clones (Figures 2C and 2D). This is consistent with the
previous study showing that BMP signaling activity is
not affected in dcr-1 mutant GSCs [19]. To further con-
firm this observation, we also carefully examined Bam
protein expression in the dcr-1 mutant GSCs. Normally,
Bam protein is only seen in differentiated cystocytes
and not in GSCs [28]. Similarly, we did not observe obvi-
ous Bam protein expression in the dcr-1 GSCs (n = 14),
supporting the idea that the loss ofdcr-1mutant GSCs is
probably not due to upregulated Bam protein expres-
sion (Figure 2E and 2F). These results suggest that
Dcr-1 controls GSC self-renewal through repressing
a bam-independent differentiation pathway.
Recent studies have shown that Pumilio (Pum) and
Pelota (Pelo) control GSC self-renewal by repressing a
bam-independent differentiation pathway(s) [14, 16, 29].
Mutations in pum and pelo lead to rapid GSC loss [29–
31], whereas mutations in bam blocks cystoblast differ-
entiation and thus results in accumulation of GSC-like
cells [25, 32]. GSCs that are mutant for pum and bam or
for pelo and bam are still lost and differentiate into cysts
containing a branched fusome, indicating that pum and
pelo control GSC self-renewal by antagonizing functions
of differentiation genes that function independently of
bam. To further evaluate whether dcr-1 controls GSC
self-renewal by repressing bam-independent differenti-
ation pathways, which are also repressed by Pum and
Pelo, we generated dcr-1 and bamD86 double-mutant
GSC clones to determine whether these dcr-1 bam dou-
ble-mutant GSCs and cystoblasts behave like those for
bam pum or bam pelo. The marked dcr-1 bam mutant
GSCs were still lost as quickly as thedcr-1mutant GSCs,
further strengthening our conclusion that Dcr-1 controls
GSCs through repressing a bam-independent differenti-
ation pathway (Table 1; Figures 2G and 2H). Surprisingly,
unlike bam pum and bam pelo mutant GSCs, the dcr-1
bam mutant GSCs were still arrested in the GSC-like or
cystoblast-like stage and could not differentiate into
germline cysts after moving out of the niche (Figure 2H).
Spectrosome-containing mutant single germ cells but
no mutant cysts bigger than two cells were observed
in 234 germaria carrying marked two-week-old or three-
week-old dcr-1 bam double-mutant germline clones.
This finding suggests that Dcr-1 controls GSC self-
renewal by repressing a bam-independent pathway,
which is likely distinct from the ones defined by Pum
and Pelo. In the germarium carrying a lost dcr-1 bam
double-mutant GSC clone, we could frequently observe
the accumulation of GSC-like or cystoblast-like single
cells due to blocked differentiation, further substantiat-
ing our conclusion that the loss of mutant dcr-1 GSCs
is due to premature differentiation but not cell death.
Taken together, our findings have shown that Dcr-1 con-
trols GSC self-renewal by repressing a bam-indepen-
dent differentiation pathway. Therefore, Dcr-1 is a new
player at a unique position in the genetic circuitry for
controlling GSC self-renewal.
It appeared that dcr-1 mutant cystoblasts could dif-
ferentiate into 16-cell cysts, in which one of them was
specified as the oocyte and the other 15 developed into
nurse cells. The marked mutant dcr-1 two-cell, eight-
cell, and 16-cell cysts were consistently observed, andthe oocyte was always seen in the egg chambers con-
taining marked mutant germ cells (Figures S1A and
S1A0 in the Supplemental Data available with this article
online). Interestingly, the egg chambers carrying mutant
dcr-1 germ cells were developmentally retarded, ap-
pearing to be smaller than the wild-type ones at a corre-
sponding stage (Figure S1A). These developmentally
retarded egg chambers degenerated probably at ap-
proximately stage 8 or 9, and this may be caused by their
developmental defects because we observed 28 mutant
egg chambers at stage 7 and 8 but only 2 at stage 10.
This result indicates a later role of Dcr-1 in the regulation
of germ-cell development and growth.
Then, we sought to determine whether dcr-1 is also
required for SSC maintenance in the Drosophila ovary.
Two or three SSCs located at the 2a/2b region of the ger-
marium undergo asymmetric cell division to continu-
ously generate differentiated follicular cells, which exit
the germarium posteriorly by covering the surface of egg
chambers within 4 days after their birth [33, 34]. As in our
previous studies [35–37], we applied the FLP-FRT re-
combination to generate marked control and mutant
dcr-1 SSC clones, which were identified by the exis-
tence of a LacZ-negative marked somatic cell at the re-
gion 2a/2b and more marked follicle cells in the regions
2b and 3 1 week ACI (Figure 3A). In the control, 80.6%
and 54.6% of the germaria carrying at least a marked
LacZ-negative wild-type control SSC clone detected 1
week ACI were still maintained 2 and 3 weeks ACI, re-
spectively (Figures 3A–3C). Consistent with previous
studies, this gradual SSC loss represents natural turn-
over [33–37]. In contrast, 18.5% and 4.2% of the marked
SSCs that were mutant for the stronger dcr-1 allele, dcr-
1Q1147X, and were detected 1 week ACI, were maintained
2 and 3 weeks ACI, respectively (Table 2; Figures 3D–
3F). Similarly, 60.2% and 6.6% of the marked SSCs
that were mutant for the weaker allele, dcr-1d102, were
maintained 2 and 3 weeks ACI, respectively (Table 2;
Figures 3G–3I). These results show that dcr-1 mutant
SSCs are lost more quickly than wild-type ones, indicat-
ing that Dcr-1 also controls SSC maintenance. Further-
more, the TUNEL staining did not show that the putative
marked SSCs were apoptotic (data not shown), sug-
gesting that Dcr-1 also controls SSC self-renewal. Thus,
our clonal analysis demonstrates, for the first time, that
Dcr-1 is indispensable for SSC maintenance in the Dro-
sophila ovary, in addition to playing an essential role in
GSC maintenance.
As one SSC daughter moves posteriorly to continue
its proliferation and differentiation, all its progeny will
stay together as a patch on the surface of the egg cham-
bers. It appeared that the size of the marked dcr-1 mu-
tant follicle patches was smaller than that of the marked
wild-type ones, suggesting that Dcr-1 might be required
for follicle-cell proliferation. To further determine
whether Dcr-1 controls follicle-cell proliferation, we
used FLP-mediated FRT recombination to generate
twin-spot clones in which the wild-type one is marked
by two copies of the arm-lacZ construct and the mutant
one is marked by loss of arm-lacZ expression. Because
twin-spot clones are derived from one follicle-cell pro-
genitor (a differentiated SSC progeny), the sizes of folli-
cle cells in the wild-type clone and its twin mutant clone
can be used for determining whether a mutation affects
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543Figure 3. Dcr-1 Is Required for Maintaining SSCs in the Drosophila Ovary
Germaria are labeled for LacZ (red), Hts (green), and DNA (blue). A putative labeled SSC (LacZ negative) is highlighted by solid lines, whereas its
progeny cells are highlighted by dashed lines. The scale bar in (A) represents 18.75 mm.
(A–C) Germaria showing that a putative marked control SSC persists in the niche and continues to generate differentiated progeny 1 week (A),
2 weeks (B), and 3 weeks (C) ACI, respectively.
(D–F) Germarium showing that a putative marked dcr-1Q1147X SSC clone persists 1 week (D) ACI, and the labeled mutant SSCs are subsequently
lost 2 weeks (E) and 3 weeks (F) ACI.
(G–I) Germaria showing that a putative marked dcr-1d102 SSC clone persists 1 week (D) ACI, and the labeled mutant SSCs are subsequently lost
2 weeks (E) and 3 weeks (F) ACI.follicle-cell proliferation. The dcr-1 mutant clones were
much smaller than their corresponding twin-spot wild-
type clones, and the cell size in the dcr-1 mutant clones
was smaller than that of wild-type ones (Figures S1B
and S1B0), indicating that dcr-1 is required for control-
ling follicle-cell proliferation and growth. These mutant
follicle cells began to degenerate in stage-11 egg cham-
bers (Figures S1C and S1C0). This result demonstrates
that Dcr-1 is involved in the regulation of follicle-cell
proliferation and growth in addition to being involved
in SSCs.
Table 2. Dcr-1 Is Required for SSC Maintenance in the Drosophila
Ovary
Genotypes
Weeks
ACI
% of Germaria
with At Least a
Labeled SSC
Relative %
of Germaria
with At Least
a Labeled SSC
Total
Number
FRT82B
1 67.4 100.0 144
2 54.3 80.6 221
3 36.8 54.6 170
FRT82B dcr-1d102
1 58.8 100.0 170
2 35.4 60.2 166
3 3.9 6.6 180
FRT82B dcr-1Q1147X
1 25.9 100.0 166
2 4.8 18.5 210
3 1.1 4.2 185In this study, we have demonstrated that Dcr-1 is
required for the maintenance of GSCs and SSCs in the
Drosophila ovary. Because Dcr-1 is an essential compo-
nent of the miRNA pathway in Drosophila, we further
propose that miRNAs processed by Dcr-1 are essential
for controlling self-renewal of GSCs and SSCs. Consis-
tent with this idea, the Dcr-1 partner, Loqs, has also
shown to be required for GSC maintenance [1, 3]. Be-
cause Dcr-1 is intrinsically required for controlling GSC
self-renewal, Loqs functions intrinsically in GSCs for
controlling GSC self-renewal [38]. Without one or more
miRNAs generated by Dcr-1, ovarian GSCs and SSCs
undergo premature differentiation that leads to the de-
pletion of these stem cells in their corresponding niches.
Our study has also provided insight into how Dcr-1 con-
trols GSC self-renewal. The miRNA pathway controls
GSC self-renewal by repressing a bam-independent dif-
ferentiation pathway. Furthermore, the miRNA pathway
is required for the development and growth of later-dif-
ferentiated germ cells, although it is dispensable for cyst
division and oocyte specification. Similarly, the miRNA
pathway is also required for follicle-cell proliferation
and growth. To further understand how the miRNA path-
way controls GSC and SSC self-renewal, it is essential to
identify miRNAs and study their functions in GSC and
SSCs. Because Dcr-1 contributes to the maintenance
of Drosophila ovarian GSCs and SSCs tested so far, it
is tempting to speculate that miRNAs may have a general
role in maintaining different types of stem cells. It will be
of great interest to test this hypothesis and to elucidate
the underlying mechanisms as to how miRNAs contrib-
ute to the stem cell self-renewal and proliferation.
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Supplemental Data include Experimental Procedures and one
figure and are available with this article online at http://www.
current-biology.com/cgi/content/full/17/6/539/DC1/.
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